Background 27 Breeding for disease resistance has become a highly desirable strategy for mitigating 28 infectious disease problems in aquaculture. However, knowledge of the genetic 29 relationship between resistance and other economically important traits, such as growth, 30 is important to assess prior to including disease resistance into the breeding goal. Our 31 study assessed the genetic correlations between growth and survival traits in a large 32 bacterial infection challenge experiment. A population of 2,606 coho salmon 33 individuals from 107 full-sibling families were challenged with the bacteria 34 Piscirickettsia salmonis. Growth was measured as average daily gain prior (ADG0) and 35 during (ADGi) the experimental infection and as harvest weight (HW). Resistance was 36 measured as Survival time (ST) and binary survival (BS). Furthermore, individual 37 measures of bacterial load (BL) were assessed as new resistance phenotypes and to 38 provide an indication of genetic variation in tolerance in salmonid species. 39
In aquaculture, disease resistance is commonly defined using host survival data 100 (measured as binary or day of death) after being exposed to an infection, either in an 101 experimental challenge [6, 12, 14, 19, 20] or under field conditions [10] . However, this 102 definition captures two different host response mechanisms to infections under potential 103 genetic regulation, i.e. (i) the ability of the host to restrict pathogen invasion or 104 replication (best described by within-host pathogen load) and (ii) the ability of an 105 infected host (with a given pathogen load) to survive the infection [21] . Studies that 106 include both types of mechanisms often refer to the first trait as 'resistance' and to the 107 second trait as 'tolerance or endurance' [22] [23] [24] [25] [26] [27] . Clearly, resistance and tolerance 108 /endurance contribute both positively to an individual's ability to survive an infection. 109 However, at the population level, tolerant individuals that tend to harbor and can cope 110 with high pathogen load are undesirable, as these would be expected to shed more 111 infectious material and thus to cause a higher disease threat to individuals in the same 112 contact group [28] . Thus, in order to minimize disease prevalence and mortality due to 113 disease in a population, a fuller understanding of the relationship between within-host 114 pathogen load and mortality is required. However, measures of individual pathogen load 115 are rarely available in large scale genetic studies, especially in aquaculture. In the 116 present study we aimed to overcome this shortcoming by quantifying bacterial load as a 117 measurement of disease resistance in coho salmon families with extremes survival rates 118 at tagging was 218 days (SD = 3). After tagging, fish were kept in communal tanks with 150 fresh water at 13°C and then transferred to salt water [31 ppt] with an initial density of 151 15Kg/m 3 . 152
The strain of P. salmonis used in the current study was isolated in 2012 and 153 purchased from ADL Diagnostic Chile Ltda, (Puerto Montt, Chile). A lethal dose 50 154 (LD 50 ) was calculated from an independent assay prior to the main experimental 155 challenge. For this pre-challenge, a total of 80 fish were randomly selected from the 156 population. Four different dilutions (1/10, 1/100, 1/1000 and 1/10000) of the P. 157 salmonis inoculum were evaluated on twenty individuals per dilution. Fish were 158 intraperitoneally (IP) injected with a total volume of 0.2 ml / fish. Mortality was 159 recorded daily. This preliminary assay lasted 26 days. A LD 50 of 1:680 was estimated as 160 described in [29] for use in the main challenge, 161
For the main challenge test, fish not used for the pre-challenge were distributed 162 amongst three tanks (7 m 3 ) with salt water concentration of 31 ppt. A mean of eight 163 individuals (ranging from 1 to 18) per family were allocated into each tank. Each 164 challenged family had on average 25 individuals (from 11 to 45), which were 165 distributed across all three tanks. After an acclimation period of 12 days, fish were 166 anesthetized using 30 ppm of benzocaine and body weight was measured for each 167 individual. The mean initial body weight (IW) at the inoculation procedure was 279 g 168 (SD = 138 g). The infection of each fish was then performed through an IP injection of 169 0.2 ml / fish of the LD 50 Renibacterium salmoninarum and IPNV were discarded as mentioned above. Summary 187 statistics for age and weight at tagging (AT, WT) and initial and final weights (IW and 188 FW) for the challenged population is shown in Table S2 . families for HW prior to tagging; X i and Z i are the design matrices for the 239 corresponding fixed and random effects for both traits, and W 2 is the design matrix for 240
HW. 241
The random effects associated to each animal and residual effects, in 242 conjunction with common environment effect for HW, were assumed to be normally 243 distributed according to: 244
Where, A is the matrix of additive genetic kinship among all the fish included in 245 the pedigree; I C and I N are the identity matrix of dimension C and N; ۪ indicates the 246 direct operator of the products; the matrices G 0 and R 0 denote the variances and co-247 variances of 2 x 2 additive genetic and residual effects, respectively. Common 248 environment effect was evaluated for each trait using a single-trait likelihood ratio test 249
[32]. This effect was significant only for HW (P < 0.05), and therefore included in the 250 bivariate models when HW was analyzed. Thus, C 0 represents a 1 x 1 scalar of common 251 environment effect for HW. Given that HW was recorded on a different population of 252 individuals to the challenge population, environmental covariance was set to zero in the 253 R 0 matrix. The parameters in the bivariate mixed linear models were estimated using the 254 restricted maximum likelihood method (REML) implemented in ASREML version 3.0 255
To assess the influence of different recording times for body weight and 257 bacterial load between survivors and non-survivors on (co-)variance estimates, bivariate 258 analyses for logBL, ADG0, ADGi, and HW were repeated for subsets of data 259 containing either survivors or non-survivors only. Similarly, bivariate analyses for ST 260 were also performed exclusively for non-survivors. 261 262
Heritability and genetic correlations 263
The following formula was used to estimate heritability values for the different 264 traits: 265
Where, i is either ST, BS LogBL, ADG0, ADGi or HW, ), and had far 296 higher phenotypic variation during the infection process. Some individuals continued to 297 grow (maximal gain of 6.36 g/day), whereas others experienced a weight loss (maximal 298 weight loss of 5.85 g/day). The distribution for ST was right skewed, with 61% of fish 299 having a ST value of 50 ( Figure S1 ), i.e. they survived the experimental challenge. 300
Amongst non-survivors, fish survived on average 41 days (SD=10) after IP injection, 301 with a minimum value of 10 days and maximum value of 49 days. 302
Bacterial load quantification of 740 fish from 33 families showed that 6.5 % (n = 303 48) of individuals had a P. salmonis load below the qRT-PCR detection threshold; these 304 fish were considered as bacterial-free. All these individuals survived the experimental 305 challenge and belonged to the resistant families. The bacterial load measured on the 306 log 10 scale in the other 692 animals ranged from 0.81 to 2.36 with an average load of 307 1.53 log units (SD = 0.33). From these 692 individuals, 55 % were survivors, while the 308 rest of the animals died during the experimental challenge. Harvest weight,obtained 309 from 41,597 commercial fish with linked pedigree to the challenged population, had a 310 mean of 6.36 kg (ranging from 0.05 to 7.5 kg). 311 312
Comparison of traits measured in survivors and non-survivors 313
Binary survival (BS), added as fixed effect in the statistical models, had a 314 significant effect on ADGi and logBL (p < 0.001) ( Table 2) . Survivors grew on average 315 by 2.09 ± 0.56 g/day faster than non-survivors during the experimental challenge and 316 also experienced on average a 0.64 ± 0.03 times lower bacterial load (in log units) (data not shown). Furthermore, genetic correlations between the traits ADGi, and LogBL 318 measured in survivors and non-survivors, respectively, were low (0.026 ± 0.64 for 319
ADGi and 0.001 ± 0.39 for logBL), indicating that these traits may be considered as 320 genetically different traits in survivors and non-survivors. Interestingly, the same was 321 true for growth prior to infection, where the genetic correlation between ADG0 in 322 survivors and non-survivors was 0.032 ± 0.21 (Table S3 ). found to have a significant negative effect on both survival traits BS and ST, and a 332 negative, though not significant (p = 0.09) effect on ADGi ( Table 2 ). The latter suggests 333 that differences in growth during infection occur due to other factors than differences in 334 bacterial load. 335 336
Heritabilities and genetic correlations 337
Estimated heritabilities and genetic correlations obtained by including both 338 survivors and non-survivors in the models, and by analyzing both categories separately, 339 are presented in Table 3 . A significant and moderate heritability was estimated for 340 growth rate prior to the experimental challenge (h 2 = 0.30 ± 0.05 in pooled dataset, and 3)). This estimate decreased considerably during the experimental challenge test (e.g. h 2 343 = of 0.07 ± 0.02 in pooled dataset), which could be explained by a substantial increase 344 in the phenotypic variance of ADGi compared to ADG0 (Table 3) Estimates of genetic correlations between ADG0 and HW were favorable (0.64 ± 0.09 357 in pooled dataset) and robust across the datasets (Table 3) . Growth prior to infection and 358 ST also showed a significant and positive genetic correlation (0.43 ± 0.18 and 0.64 ± 359 0.17 in full dataset and non-survivors, respectively), indicating that fish with higher 360 growth rates prior to infection are more likely to survive the infection. However, genetic 361 correlations between ADG0 and BS were not found significantly different from zero 362 (0.05 ± 0.19). Lastly, no significant genetic correlation was found between ADG0 and 363 LogBL in either dataset. 364
Binary survival was strongly and favorably correlated with ST (0.85 ± 0.09), 365
ADGi (0.84 ± 0.07) and LogBL (-0.97 ± 0.10), whilst no significant correlation with 366 HW was found. Surprisingly, a significant unfavorable correlation was found between ST and HW (-0.50 ± 0.13), although the association became weaker and non-significant 368 once the censored ST values of survivors were removed from the analyses (Table 3) . 369
Similarly, the statistically significant undesirable positive correlation between HW and 370
LogBL estimated with the pooled dataset was no longer observed when the analysis was 371 stratified into survivors and non-survivors (Table 3) . Lastly, genetic correlations 372 between ADGi and LogBL tended to be favorable, but were not found statistically 373 significant in either of the datasets. 374 375 Discussion 376
In order to include P. salmonis resistance into the breeding goal it is necessary to 377 determine if the trait is heritable and its potential association with other economically 378 important traits, such as growth. The current dataset comprises animals that were 379 exposed to P. salmonis using an experimental challenge, and previously analyzed by 380
Yáñez et al., [12] . However, these authors only focused on the genetic association 381 between harvest weight and day of death as a measure of resistance. 382
The current work provides novel insights into the genetic (co)variation between 383 growth and P. salmonis resistance. By defining growth as average daily gain prior and 384 during an infection with P. salmonis, we estimated heritabilities and its genetic 385 correlation with resistance defined as survival time and binary survival, and the less 386 commonly measured but epidemiologically important bacterial load. Moreover, 387 estimates of the genetic correlation of all these traits with harvest weight was also 388 determined using a large cohort from a coho salmon breeding population. 389
We found a moderate significant genetic variation for early growth rate (0.30 ± 390 0.05). Similar heritability values have been reported for growth rate in others salmonid 391 species, ranging from 0.32 to 0.35 [35, 36] .
When growth rate was measured during infection with P. salmonis, heritability 393 was up to six fold lower than the value for growth prior to infection. A similar drop in 394 heritability for average daily gain during infection, compared growth rate prior infection 395 have been observed in pigs [37] and chickens [38] . In our study, this drop in heritability 396 could be explained by a relatively stronger increase in the phenotypic variance (with 397 some fish losing rather than gaining weight due to infection), than in the genetic 398 variance ( Table 3 ). The results suggest that differences in growth under infection are 399 primarily controlled by environmental rather than genetic factors, once individual 400 differences in early growth or in disease resistance (represented by log-transformed 401 bacterial load included as fixed covariate) are accounted for. Nevertheless, heritability 402 estimates for growth under infection were still significantly different from zero, which 403 is indicative for genetic variation in tolerance, in addition to resistance [25, 31] . 404
A moderate and positive genetic correlation was found between growth prior to 405 and under infection. This favorable and significant genetic correlation was also 406 estimated between growth prior to infection and harvest weight. The results indicate not 407 only that fish with greater genetic growth potential at early stage in a pathogen-free 408 environment in fresh water also tend to have greater growth potential during infection 409 with P. salmonis, but also during the sea-rearing period, reaching higher body mass at 410 harvest. 411
Significant additive genetic variation was estimated for ST and BS. These 412 estimates are in agreement with previous estimates for the same and other types of 413 pathogens for salmonid species (for a detailed review see [9] ). Furthermore, a moderate 414 and favorable genetic correlation between early growth and ST was found. These results 415 corroborate findings indicating that fish with faster growth prior to and during infection 416 are more likely to survive after an experimental challenge with a bacterial agent [39, 40] . their impact on survival [21] , but may also help to predict potential epidemiological 427 effects of selection, as individuals with high pathogen load may be more infectious. 428
In our study, the regression coefficient for logBL, when fitted into the statistical 429 models for ST and BS, was significantly different from zero and negative, indicating 430 that individuals with higher bacterial load were more likely to die and tended to die 431 faster when infected with P. salmonis. Although the sample size for bacterial load in our 432 study was too small to obtain accurate genetic parameter estimates, we found significant 433 genetic variation for bacterial load in surviving animals (0.12 ± 0.05) and a similar 434 borderline significant genetic variation in non-survivors (0.11 ± 0.06). Furthermore, a 435 strong favorable genetic correlation was found between log-transformed bacterial load 436 and binary survival, and genetic correlations between LogBL and ST or growth traits 437 tended to be negative, suggesting that selection for growth or survival post P. salmonis 438 infection will not simultaneously increase pathogen load. 439
In our study, final body weight used to calculate ADGi, and BL were measured experienced compensatory growth at the later stages of the experiment. For these 450 reasons, the analyses were carried out with data from survivors and non-survivors 451 pooled (with BS fitted as fixed effect to partly account for these differences) in order to 452 maximize statistical power, and for survivors and non-survivors separately to 453 disentangle the effects of confounding with recording times. Furthermore, genetic 454 parameter estimates may be slightly upward biased due to the fact that bacterial load 455 was only measured in families from the extreme ends of the survival time breeding 456 value distributions. 457
Nevertheless, results of the genetic estimates within survivors and non-survivors 458 analyzed separately were overall consistent with those obtained with pooled animals, 459 although standard errors were higher. In particular, growth prior to infection showed a 460 generally favorable correlation with growth and survival during P. salmonis infection, 461 and harvest weight, and no robust antagonistic genetic relationship between growth, 462 survival and bacterial load was identified in this study. 463
From a resource allocation theory point of view, a negative correlation between 464 resistance and growth would be expected, given that these are two competing resource-465 demanding mechanisms [47] . Indeed, previous studies found a negative genetic 466 correlation between body weight and resistance (as day of death) to SRS and viral 467 haemorrhagic septicaemia (VHS) in salmonid species [12, 15, 48] . Our current results do 468 not support this trade-off, as neither ADG0 or ADGi were antagonistically related to 469 survival. Instead, the estimated positive and favorable genetic correlations in pooled and 470 non-survivors individuals, suggest that fish with higher genetic growth rate measured in 471 freshwater at early stage are also genetically more resistant to P. salmonis. Similar 472 results have been obtained in Atlantic salmon and rainbow trout [39, 49] . This trade-off 473 was only observed due to the unfavorable genetic correlation between ST and HW when 474 the former was measured in pooled animals. However, the genetic correlation between 475 ST and HW was not significantly different from zero when only non-survivors animals 476 were used, suggesting a less robust estimation compared to ST and ADG0, which was 477 positive and significantly different from zero when using only susceptible animals. 478 Furthermore, we found a favorable genetic correlation for ADG0 with respect to ST and 479 HW, which indicate a positive relationship between early growth in fresh water 480 (ADG0), late growth in seawater (HW) and survival time (ST). 481
Differences at the development of the immune system at early life stages, given 482 by body size at time of infection may explain the lack of trade-off [39] . Furthermore, 483 the role of insulin-like growth factor (IGF) could play a key role as has been associated 484 with increased survival and detected in higher levels in faster growing fish [50] [51] [52] . 485
Previously, an up-regulation of pro-inflammatory genes has been detected in 486
Atlantic salmon families with early mortality following a P. salmonis infection 487 [16, 30, 53] . Moreover, using genome-wide association studies, candidate genes related 488 with pro-inflammatory response proximate to markers associated with P. salmonis 489 survival were identified in Atlantic [16] and Coho salmon [13] . In our work, fish from 490 the 17 more susceptible families experienced a higher weight loss than those from the 491 exacerbated, ineffective inflammatory response may have led to tissue damage and the 493 subsequent weight reduction in these individuals, with subsequent mortality. However, 494 further studies are necessary to test these relationships between immune response and 495 weight lost in coho salmon. The availability of a coho salmon reference genome 496 (assembly accession = GCA_002021735.1) and the international initiative on 497 Functional Annotation of All Salmonid Genomes (FAASG), will facilitated further 498 functional studies in salmonid species [54] . 499
One potential limitation of the current study refers to the censored data. The 500 current censored distribution for mortality violates the normality assumption for the 501 linear mixed models. Moreover, ignoring the censoring could cause slight bias in the 502 estimates. Repeating the analyses for uncensored non-survivors only could partly 503 overcome this problem, but at the loss of statistical power. Alternatively, this situation 504 can be partly overcome with using survival analysis (e.g. proportional hazard frailty 505 models) [6]. However, bivariate analyses with such models present some difficulties in 506 terms of fitting and interpretation and therefore linear mixed models are often 507 considered more robust in this case. From the genetic improvement perspective, 508 predictive ability can be considered more relevant than goodness of fit for a given 509 model. In this regard, it has been found that when comparing proportional hazard frailty 510 models with linear mixed models, the increase in accuracy of selection is marginal in 511 the case of P. salmonis resistance in Atlantic salmon [14] . 512
Finally, although survival to infection is generally considered as desirable 513 breeding goal in aquaculture, from an epidemiological point of view, fish that survive 514 an infection, but that harbor and shed a large amount of infectious pathogens may be 515 highly undesirable as they are more likely to infect others. The results of this study 516 would suggest that selection for survival to P. salmonis infection will not 517 simultaneously increase bacterial load. However, recent infection studies in Turbot 518 demonstrated that survival is a composite genetic trait influenced by genetic variation in 519 host resistance, tolerance and infectivity [27, 55] . Future studies that provide a deeper 520 understanding of the underlying mechanisms and their genetic regulation affecting 521 survival of coho salmon to P. salmonis infection, are therefore warranted. 522
523
Conclusion 524
The current study showed the presence of significant genetic variation for 525 average daily gain in an early stage of a coho salmon life cycle. This genetic variation 526 decreased during infection by the facultative intracellular bacteria Piscirickettsia 527 salmonis, and a moderate positive genetic correlation between growth prior and during 528 infection was observed. We identified that early growth is positive genetically 529 correlated with P. salmonis resistance measured as day of death and with harvest 530
weight. Furthermore, we found no robust antagonistic genetic relationship between 531 growth, survival and bacterial load.These results suggest that selective breeding for 532 early growth, can indirectly improve harvest weight and resistance to P. salmonis in the 533 current population. To our knowledge this is the first study elucidating significant 534 genetic variation for pathogen load in salmonid species as a measurement of resistance, 535 and its genetic correlation with commercially important traits. 536 JY and JL conceived the experiment and provided data for analysis. AB performed the 563 analysis. AW and RH helped to optimize the analysis. AB, AW, RH, and JY interpreted 564 the results. AB and AW drafted the manuscript. All authors improved the writing, read 565 and approved the final manuscript. load was quantified are highlighted in light and dark grey, respectively ( Fig 1A) . 747
Percentage of survivors and non-survivors for each of the 16 most resistant and 17 most 748 susceptible families selected after experimental challenge against P. salmonis (Fig. 1B) . Table 1 . Summary statistics for average daily gain prior P. salmonis challenge (ADG0), during challenge test (ADGi), harvest weight (HW), log10 of bacterial load (LogBL), day of death (ST) and binary survival (BS) in the coho salmon (Oncorhynchus kisutch) breeding population used in the present study. 
